The emissions of polybrominated diphenyl ethers (PBDEs), polybrominated dibenzo-p-dioxins 14 and dibenzofurans (PBDD/Fs) and their chlorinated analogues (PCDD/Fs) during the thermal 15 treatment of a high impact polystyrene (HIPS) TV casing were investigated. The halogenated 16 compounds were analyzed in the original material and in the gases emitted during its treatment at 17 temperatures between 50 and 250 ºC. DecaBDE was the primary PBDE in the TV casing, which 18 also contained high levels of PBDFs (ppm range). At the lower treatment temperatures, non-19 was also detected in the gas phase when the plastic was heated to 200 or 250 ºC, with higher yields 22 of furans than dioxins. This appreciably increased the toxic equivalent (TEQ) levels of the gas 23 phase relative to those seen in the untreated sample. In all cases, the levels and TEQ contributions 24 from PCDD/Fs were negligible compared to those for brominated analogues. 25
INTRODUCTION 27
Enormous quantities of electrical and electronic products are disposed of around the world every 28
day. This e-waste is of major environmental concern due to the toxicity of some of its components 29 (Herat, 2008) 
such as brominated flame retardants (BFRs). According to the European Flame 30
Retardants Association (EFRA), the electronics industry is the largest consumer of BFRs; it uses 31 them in computers, printed circuit boards and components such as connectors, plastic cabinets and 32 cables. Polybrominated diphenyl ethers (PBDEs) have been extensively used for this purpose, 33 mainly in the form of additive flame retardants that are not chemically bound to the plastic and are 34 therefore comparatively readily released into the environment (Tasaki et al., 2004) . 35
Polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) are present as impurities in 36 technical BFR mixtures, particularly in PBDE mixtures (Hanari et al., 2006) , and may leak along 37 with the BFRs from the flame-retarded products during their lifetime. In addition, PBDEs may be 38 transformed into PBDD/Fs during combustion processes or under thermal stress such as that 39 caused by extrusion, molding or shredding (Weber and Kuch, 2003) , which may occur during 40 production or recycling. The total quantity of PBDD/Fs formed during thermal processes depends 41 largely on the abundance of precursor compounds and the specific conditions of the thermal 42 treatment. Precursors that can form PBDD/Fs by a simple elimination step (e.g. PBDEs) are thus 43 most prone to form PBDD/Fs (Weber and Kuch, 2003) . In fact, when PBDEs are used as flame 44 retardants, reactions involving the condensation or recombination of fragments are one of the main 45 reasons for the presence of PBDD/Fs in thermally treated plastics (Ebert and Bahadir, 2003) . 46 Recent studies (Duan et al., 2012) have shown that the combustion of brominated and chlorinated 47
The analytical method allowed for the congener-specific determination of 10 tri-to 84 decabrominated diphenyl ethers and the corresponding total PBDE content. The samples were also 85 analyzed for 17 different 2,3,7,8-substituted tri-to octaBDD/F congeners and total PBDD/F 86 content. Finally, the PCDD/F analysis included the quantitative determination of 23 different 87 2,3,7,8-substituted mono-to octaCDD/F congeners and the corresponding total homologues. 88
Flue gas condensates and impinger solutions were combined and diluted to 2 L with Milli-Q water. 89
The mixture was filtered through a glass fiber prefilter combined with a membrane filter (0.45 µm 90 pore size) and then extracted through a C 18 solid-phase extraction disk (SPE) (Envi-Disk, 91 Supelco). The prefilter, membrane filter, SPE disk, aerosol filter, and PUFP were extracted in a 92
Soxhlet-Dean-Stark apparatus with 400 mL toluene for 24 hours to efficiently recover all target 93 compounds. Untreated TV casing samples were dissolved in tetrahydrofuran, treated in an 94 ultrasonic bath for 60 minutes to ensure dissolution and extracted overnight at room temperature; 95 the polymer was precipitated by n-hexane addition and removed by filtration. Prior to extraction, 96 samples were spiked with a 13 C 12 -labeled multi-analyte internal standard (IS) solution. All extracts 97
were concentrated down to 1 mL by rotary evaporation. 98
The extracts were purified and fractionated on two sequential gravity fed liquid chromatography 99 columns. First, the extract and 3 x 1 mL n-hexane rinses were applied to a 16 mm i. 
PBDE concentrations 133
Only small amounts of the tri-to hexabrominated PBDEs were detected in the TV casing ( Table  134 1). The most abundant congeners were hepta-to decaBDEs, with BDE-209 accounting for 67 % of 135 the total PBDE content. The presence and relative abundances of these congeners suggests that the 136 material was manufactured using a commercial DecaBDE mixture as the flame retardant ( The plastic casing contained large quantities of PBDEs, exceeding the limit of 0.1 wt % 149 established in the RoHS Directive (European Comission, 2011). DecaBDE accounted for 60% of 150 the total PDBE content of the TV casing (Figure 1 ). NoBDE and ocBDE were also present, 151 accounting for 25 -30 % and 9 -14 %, respectively, of the total PBDE content in the duplicate 152 runs. Minor amounts of less heavily brominated diphenyl ether homologues were also detected 153 (around 5 000 ng/g in total). 154 Figure 1 . PBDE homologue profiles (ng/g) in the flue gas samples (normalized against the amount 155 of heated plastic) and in the untreated TV casing samples (duplicate runs). 156
PBDD/F concentrations 157
As shown in Table 2 , the average 2,3,7,8-substituted PBDD/F content of the TV casing was 158 5 450 ng/g, with furans accounting for more than 98% of the total. The most prevalent congeners 159 were OBDF and 1,2,3,4,6,7,8-HpBDF; the only brominated dioxin detected was OBDD. The 160 As illustrated in Figure 2 , the total PBDD/F content of the TV casing ranged from 6 700 to 164 7 000 ng/g and was completely dominated by furans (99 %). OBDD was the only PBDD congener 165 found in this sample whereas furans with every possible degree of bromination (i.e. tri through 166 octa) were detected, with OBDF (59 -60 %) and HpBDF 
Gas phase 177

PBDE concentrations 178
As shown in Table 1 , at low treatment temperatures of 50 or 100 ºC, decaBDE accounted for 179 almost the entire PBDE content of the exhaust gases, suggesting that mainly unmodified PBDEs 180 were emitted from the plastics under these conditions. 181
At 150 ºC, BDE#209 (nona), #196 (octa) and #183 (hepta) start to emerge in the exhaust gases, 182 indicating a slight debromination of BDE#209 at this temperature. At 200 ºC, BDE#206, #196, 183 and #183 were emitted at similar levels to BDE#209 and less brominated congeners also started to 184 appear, indicating further debromination. Finally, at 250 ºC all PBDEs were emitted in larger 185 amounts than at the lower temperatures. While BDE#209 and BDE#28 dominated the pattern, the 186 other six congeners were emitted in equal amounts. Treatment at 250 ºC thus seems to cause both 187 extensive emissions of the original flame retardants and extensive debromination. 
PBDE homologue profiles 191
The homologue profiles in the flue gas samples differed from the PBDE profile found in the respectively) and these congeners, together with 2,3,4,7,8-PeBDF, were also the most toxic ones 226 generated in samples heated to 250 ºC. 227
PBDD/F homologue profiles 228
Heating the plastic caused both PBDFs and PBDDs to be emitted into the gas phase ( Figure 2 ). As 229 expected from a thermal process, furans were dominant in the gas phase, with PBDDs accounting 230 for only 10 % of the total PBDD/F content at 150 ºC and less than 1.5 % at 200 and 250 ºC. 231
No PBDDs were detected at 50 or 100 ºC, while the PBDF concentrations under these conditions 232 were below the ppb range. This indicates that at the lower treatment temperatures, the emissions 233 from the plastic are mainly due to the evaporation of its original PBDF content, so the less 234 brominated (i.e. more volatile) congeners are predominant in the gas phase. 235
Raising the treatment temperature to 150 ºC increased the emissions of brominated dioxins and 236 furans, but the emitted concentrations were still lower than those in the plastic. In addition to the 237 evaporation of the PBDD/Fs that were originally present in the material, some OBDD 238 debromination occurred. Consequently, HxBDDs and HpBDDs were detected in the gas phase. 239 PBDF emissions increased sharply on raising the treatment temperature to 200 or 250 ºC, by 240 factors of 6-18 and 42-63, respectively, relative to their original concentrations in the plastic. 241
There was also an increase in PBDD emissions, but it was only at 250 °C that their total gas phase 242 (Table  276 2). The low temperature treatments (50-150 ºC) produced lower emissions of PCDD/F-TEQ 277 200 ºC had similar TEQ-levels to the plastic while treatment at 250 ºC generated emissions with a 278 ten-fold higher PCDD/F-TEQ value. In all cases, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, 279 1,2,3,6,7,8-HxCDF or 2,3,4,6,7,8-HxCDF were the congeners that made the greatest contribution 280 (between 62 and 100 %) to the total TEQ value. 
